Oxidative stress may increase lung permeability by upregulation of matrix-metalloproteinase-9 (MMP-9), a type-IV collagenase that can disrupt alveolar basement membranes. We have compared a marker of oxidative stress (protein carbonyl residues) with levels of MMP-9 and its inhibitor, tissue inhibitor of metalloproteinase-1 (TIMP-1), in bronchoalveolar lavage samples from newborn babies. Bronchoalveolar lavage samples (n ϭ 87, two from each time point) were taken in the first 6 postnatal days from 41 ventilated babies: 18 of Ͻ29 wk gestation, 10 of 29 -36 wk, 9 term with persistent fetal circulation, and 4 term without lung disease. Respiratory disease severity at the time of bronchoalveolar lavage was assessed using the arterialalveolar oxygen tension ratio. One sample from each time point was used for the measurement of MMP-9 by zymography and TIMP-1 by ELISA. The second sample was used to measure carbonyl group concentrations, also using an ELISA. Correlations were calculated between protein carbonyls, arterialalveolar oxygen tension ratio, and MMP-9 and TIMP-1 concentrations. Significant correlations were found between carbonyl concentrations and arterial-alveolar oxygen tension ratio (r ϭ Ϫ0.325, p ϭ 0.0031, n ϭ 81), MMP-9 (r ϭ 0.331, p Ͻ 0.0029, n ϭ 79), and TIMP-1 (r ϭ 0.436, p Ͻ 0.0001, n ϭ 87). Worsening respiratory disease in newborn babies is associated with increased carbonyl concentrations in neonatal bronchoalveolar lavage fluid, and these correlated with MMP-9 and TIMP-1 levels. Increased oxidative stress may damage the lung by increasing type-IV collagenase activity, causing disruption of the extracellular matrix. Newborn babies with lung disease are often exposed to high inspired oxygen concentrations to maintain sufficient arterial oxygen saturation. In preterm babies this is most often owing to surfactant deficiency, but severe respiratory problems also occur in term babies, particularly those with persistent fetal circulation (1). High oxygen concentrations increase the rate of oxygen free radical formation (reactive oxygen species), and these highly reactive molecules can cause oxidative damage to proteins, DNA, lipids, cells, and tissues (2). Antioxidant defense mechanisms are poorly developed in the preterm baby and in term babies may be overcome by the generation of excessive reactive oxygen species (3). Oxidative stress is a major contributing factor to the development of CLD (3).
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The link between oxidative stress and lung inflammation has been extensively studied in animal models. Exposure of rats to 100% oxygen produces a lethal injury within 72 h characterized by increased permeability of the alveolarcapillary barrier and interstitial and pulmonary edema. MMP-9 has been implicated in this hyperoxic lung damage (4, 5) . TIMP-1 is the major inhibitor of MMP-9, and its expression is also increased by hyperoxia (6) . Conversely, TIMP-1 can also be oxidized, thereby rendering it ineffective (7) .
In this observational study, we have assessed whether oxidative stress in the newborn baby is associated with increased BAL fluid concentrations of MMP-9 and TIMP-1.
of the assay, it was substituted with a value equal to the detection limit for statistical analysis.
TIMP-1. TIMP-1 (Amersham Pharmacia, Amersham, U.K.) was measured using a commercially available ELISA. The limit of detection was 1.56 ng/mL. Coefficients of variation were 4.8% (intraplate) and 7.9% (interplate).
Protein carbonyls. Carbonyl concentrations were determined using an in-house ELISA as described by Buss et al. (10) . Briefly, after derivatization of carbonyl groups with dinitrophenylhydrazine, proteins were adsorbed to 96-well ELISA plates, captured with a commercially available antidinitrophenylhydrazine antibody, and detected with a horseradish peroxidase/hydrogen peroxide, phenylenediamine system (10). The limit of detection was 0.28 nmol/mg protein.
Coefficients of variation were 8.6% (intraplate) and 9.3% (interplate).
Protein assay. Total protein concentrations in BAL fluid were quantified using the commercially available BioRad kit (BioRad Laboratories LTD., U.K.). The detection limit was 2 g/mL.
MDA assay. MDAs were determined by HPLC with fluorimetric detection after reaction with thiobarbituric acid (11). The limit of detection was 0.03 mol MDA/L. Coefficients of variation were 9.5% (intraassay) and 9.4% (interassay).
Data analysis. The distribution of the concentrations of MMP-9, TIMP-1, and protein carbonyls were all highly negatively skewed but normally distributed when plotted logarithmically. Nonparametric tests were used throughout. Results were considered statistically significant if p Ͻ 0.05. To compute all statistics, StatView for Windows (v. 4.57, 1996, Abacus Concepts Inc., Berkeley, CA, U.S.A.) was used. For graphs, GraphPad Prism (v.2.01, GraphPad Software Inc., San Diego, CA, U.S.A.) was used.
RESULTS
A total of 87 BAL samples from 41 babies were analyzed. The clinical characteristics of the babies and the number of BAL samples from each of the groups are shown in Table 1 . The median volume recovered after lavage was 0.7 (IQR, 0.5-1.2) mL. The term babies with persistent fetal circulation had the highest requirements for supplemental oxygen and the lowest median a/A ratio on d 1 (p Ͻ 0.0001). There was no statistically significant difference in the median day of sampling among the groups (median, 3 d for both preterm groups, 4 d for term persistent fetal circulation, and 3.5 d for term normal; p ϭ 0.37).
Protein carbonyl groups, MDAs, and TIMP-1 were detected in all 87 BAL samples. In eight cases there was insufficient volume of BAL fluid for both TIMP-1 and MMP-9 assays, thus MMP-9 was measured in only 79 samples. In 18 samples MMP-9 was undetectable even when using undiluted BAL fluid. Simultaneous a/A ratios were available for 81 samples as six babies did not have blood gas analysis at the time of BAL.
The results for protein carbonyls, MDAs, MMP-9, TIMP-1, and TIMP-1/MMP-9 ratio for all subgroups are given in Tables  2 and 3 Worsening respiratory disease, demonstrated by a lower a/A ratio, was associated with increased BAL fluid concentrations of protein carbonyls (r ϭ Ϫ0.325, p ϭ 0.0031, n ϭ 81; Fig. 1 ). There was a significant correlation between protein carbonyl concentrations and MMP-9 (r ϭ 0.331, p ϭ 0.0031, n ϭ 79; Fig. 2 ) and TIMP-1 (r ϭ 0.436, p Ͻ 0.0001, n ϭ 87; Fig. 3 ) concentrations in BAL fluid. These correlations did not remain significant when protein carbonyl data were expressed as nanomoles per milligram of protein (r ϭ Ϫ0.109, Ϫ0.136, and Ϫ0.127 respectively; all p Ͼ 0.05). Protein carbonyl concentrations did not correlate with changes in the ratio of MMP-9 to TIMP-1 concentrations in neonatal BAL fluid (r ϭ 0.144, p ϭ 0.206, n ϭ 79). MMP-9 and TIMP-1 concentrations were weakly, but significantly, correlated (r ϭ 0.318, p ϭ 0.005, n ϭ 79).
In contrast to protein carbonyl concentrations, MDAs did not correlate significantly with concentrations of MMP-9 (r ϭ Results are given as median (IQR). PFC, persistent fetal circulation. * Statistical analyses were performed using Kruskal-Wallis one-way ANOVA and showed significant differences among the groups for protein carbonyls (nmol/mg, p Ͻ0.001 and nmol/mL, p Ͻ0.05). Results are given as median (IQR). PFC, persistent fetal circulation. * Statistical analyses were performed using Kruskal-Wallis one-way ANOVA and showed no significant differences among the groups. When analyzing the 44 BAL samples from the 18 very preterm babies in isolation, there was no significant correlation between carbonyl groups and a/A ratio (r ϭ Ϫ0.132, p ϭ 0.394, n ϭ 44) or MMP-9 (r ϭ 0.300, p ϭ 0.067, n ϭ 38). There was, however, a significant correlation between carbonyl groups and TIMP-1 (r ϭ 0.407, p ϭ 0.0061, n ϭ 44). Eight babies in this group had CLD (24 BAL samples) and 10 did not (20 BAL samples). There was no significant difference in concentrations of protein carbonyls, MDAs, MMP-9, and TIMP-1 in BAL fluid from this small group of babies with and without CLD, although the median MDA concentration was more than 3 ϫ higher in babies who had CLD compared with those who did not 
DISCUSSION
There is a clear link between oxidative stress and the lung inflammation that occurs during the development of CLD in the preterm baby (3). The exact mechanisms of oxidative lung injury are not fully elucidated, and most studies of reactive oxygen species-mediated lung damage have used in vitro systems or animal models. Reactive oxygen species inhibit DNA synthesis, leading to diminished lung growth (12, 13) . They oxidize both lipids (14) and proteins (15) in surfactant, rendering it less effective. Surfactant synthesis can also be inhibited by oxidative stress (16) . Oxidation of ␣-1 proteinase inhibitor leads to its inactivation, which can predispose to excessive elastase activity (17) . Indeed, Speer et al. (18) detected considerable free elastase activity in tracheal aspirate fluid in 42 of 140 ventilated neonates, with a pronounced increase in risk of pulmonary interstitial emphysema for those with free elastase activity. There may also be other damaging effects on the proteins within the epithelial lining structures of the lung predisposing to inflammation.
Recently it has become clear that matrix metalloproteinases play a key role in lung inflammation and airways remodelling (19) . Alveolar basement membranes are composed of type-IV collagen, the major substrate of MMP-9. Preterm babies who subsequently exhibit CLD have higher MMP-9 levels in BAL fluid within the first 6 postnatal days compared with those who do not have CLD (20) . Disruption of the alveolar basement membrane results in the increased lung permeability observed in adults exposed to high oxygen concentrations (21) and in babies who exhibit CLD (22) . In animal studies, oxygen toxicity has been shown to increase both MMP-9 mRNA transcription (23) and lung MMP-9 levels (4, 5).
Oxidative stress is difficult to quantify directly as the very short half-lives of reactive oxygen species mean that they cannot easily be measured. However, using an artificial system, Gerber et al. (24) found that there was an enhanced generation of hydroxyl radicals in bronchoalveolar secretions from preterm infants compared with buffer, demonstrating the lack of a hydroxyl radical scavenger system in these infants. In free radical modification of proteins, carbonyl groups are introduced to some amino acid residues, and the concentration of these has been used as a measure of protein oxidative damage (25) . Polyunsaturated fatty acids are modified by oxidation to peroxides, which can be quantified as MDAs (11) . Measuring oxidation products in BAL fluid is ideal as it allows for the balance between the amount of reactive oxygen species exposure and the antioxidant defenses. Measuring inspired oxygen exposure in isolation would not take into account the antioxidant defenses that are probably more developed in the term babies. The amount of protein carbonylation on d 2-4 of life has previously been shown to be inversely proportional to gestational age and is significantly increased in babies who have CLD, even when controlled for gestational age (26) . The finding in this study that carbonyl group concentrations in neonatal BAL fluid are correlated with the degree of respiratory disease severity is in keeping with these previous studies. The loss of significance when the protein carbonyl data are given as nanomoles per milligram of protein can be explained on the basis of increasing microvascular permeability and protein leakage into the airways during the first few days of life in preterm infants with severe respiratory distress syndrome (22) . Recently, higher protein carbonyl concentrations in tracheal aspirates from preterm babies with a birthweight of Ͻ1500 g compared with those Ͼ1500 g have been shown (27) . Carbonyl concentrations in our study are overall higher than those of Buss et al. (27) . In our group of very preterm babies, carbonyl concentrations during d 1-3 of life were significantly elevated compared with those found at d 4 -6 of life.
A relation between increased lipid peroxidation and the development of CLD is supported by the finding of increased concentrations of pentane and ethane (products of lipid peroxidation) in exhaled air (28 -30) and increased concentrations of lipid peroxidation products (MDAs) in tracheal aspirates of babies who subsequently exhibited CLD (31) . In this study no significant differences in MDA concentrations were found. However, the median MDA concentration in BAL fluid of babies who subsequently exhibit CLD is almost 3 ϫ higher than that in babies who do not have CLD. The difference was not statistically significant, but this relationship should be explored in a larger study. Intriguingly, protein carbonyl concentrations did not correlate with concentrations of lipid peroxidation. Buss et al. (27) reported a weak correlation between both markers of oxidative stress in their group of preterm babies. In preterm babies surfactant lipids are a major source of lipids in the lungs. The immature lungs are just beginning to synthesize surfactant (protein and lipid) within type II cells (32) . Surfactant therapy in preterm babies may lead to similar lipid and MDA concentrations to those in term babies.
We did not correct our results for the dilution during the lavage procedure and have expressed our data per milliliter of lavage fluid as recommended by the European Respiratory Society Task Force on BAL in children (33) . Our procedure for collection of BAL fluid is more likely to sample the lower airways whereas most other studies have been performed on tracheal aspirates (22, 27, 31) , which sample the upper airways.
In this study the total levels of MMP-9 and TIMP-1 have been measured. However, this does not necessarily reflect enzyme activity. MMP-9 is released as a proenzyme, which is activated in the tissues by proteolytic cleavage (34) . In the assay used in this study, total MMP-9 activity is measured, including the proenzyme and any MMP-9 that is bound to TIMP-1. Similarly, the TIMP-1 ELISA measures all TIMP-1 present, including any that may be inactivated or bound to MMP-9. Our study suggests that oxidative stress to proteins increases the expression of both MMP-9 and its main inhibitor, TIMP-1. This is in keeping with previously published animal studies (4, 5, 6 ). It does not, however, address the question of whether oxidative stress modifies proteinase/antiproteinase balance. Oxygen toxicity also activates pro-MMP-3, a proteinase that activates the latent form of MMP-9 (35) . Similarly, oxidative stress can inactivate TIMP-1 (6) . Although the ratio of MMP-9 to TIMP-1 levels did not alter with increasing oxygen toxicity, the methods used do not enable determination of changes in net enzyme activity.
In conclusion, we have shown a correlation between clinical respiratory disease severity and carbonyl concentrations in BAL fluid from newborn babies, both term and preterm, taken within the first 6 d of life. This suggests that carbonyl concentrations can be used as a measure of oxidative stress in this population. We have also shown a significant correlation between carbonyl concentrations and MMP-9 and TIMP-1 concentrations. This suggests that MMP-9 and TIMP-1 are upregulated by oxidative stress in newborn babies, as they are in animal models. Increased expression of type-IV collagenase during oxidative stress may result in disruption of the alveolar basement membrane, which leads to the increased capillary leakage and airways remodelling observed in the early stages of CLD.
